A novel process in which hydrogen and catalyst (in this study, NiMo supported nonacidic catalyst) coexisted and cooperated was developed. It was named hydrothermal cracking process. It was employed to perform liquid-phase cracking of vacuum gas oil (VGO) under 713K and 8.0MPa in a batch reactor. The results obtained were compared with those by simple thermal cracking under the same reaction conditions. The new process suppressed the naphtha yield (from 22.4 to 13.5wt%) but promoted the middle distillate yield (from 44.3 to 49.3wt%) while keeping similar conversion level (-65%). At the same conversion level, the yield ratio of middle distillates to naphtha for the new process was two times higher than that for the acid-catalyzed hydrocracking process. The hydrocracking of VGO over USYsupported NiMo proceeded at much lower temperatures but gave higher naphtha yields. Both the thermal cracking and hydrothermal cracking of n-dodecylbenzene (C6H5(CH2)11CH3) yielded toluene as the major aromatic product, whereas the hydrocracking of n-dodecylbenzene with NiMo/USY yielded benzene as the major aromatic product. The reaction mechanism of this process was assumed to consist of thermal cracking of hydrocarbon molecules via the free radical chain mechanism and catalytic hydroquenching of free radicals.
The mechanism of the new process has been studied by cracking n-dodecylbenzene as a model reaction.
Experimental
Vacuum gas oil (VGO) used as the feedstock was obtained from a commercial source and had the 0.9263, sulfur content 2.45wt%, and total nitrogen content 1100ppm. Its fractional composition is given in Fig. 1 The reaction of n-dodecylautoclave, using the same catalyst under the conditions: 7.5MPa, 60min and 673K for hydrothermal cracking and thermal cracking but 593K for hydrocracking.
The gaseous products generated in VGO cracking or in n-dodecylbenzene cracking were analyzed by FID gas chromatography provided with an active-alumina column. Fractional composition of the liquid products (naphtha, IBP-444K; kerosene, 445-505K; gas oil, 506-643K; vacuum gas oil, 644-798K and residue, >799K) in VGO twice as large as that for VGO hydrocracking or VGO thermal cracking. It should be noted that although the product distribution for hydrocracking and thermal cracking processes is similar, the product quality is not the same. For example, the cetane number of gas oil from hydrocracking is 50, while that from thermal cracking is 41. In addition, while 97% of sulfur substances in VGO feedstock was removed in the former, only 12% in the later. In the hydrothermal cracking, the cetane number of gas oil product is more than 50, and the desulfurization yield is more than 98%.
3.1.2.
Characteristics of Products The hydrocarbon composition of gaseous products in various VGO cracking processes is given in Table 1 . In the case of thermal cracking in the absence of catalyst, gaseous C2 products are the major products but C1 product is observed also in large amounts.
In contrast, large amounts of C4 hydrocarbons are formed in the hydrocracking on NiMo/USY catalyst. In addition, the ratio i-C4/ n-C4 is only 0.39 in the thermal cracking of VGO, whereas in hydrocracking, it is 2.0. It is clear that VGO cracking in the thermal cracking and hydrocracking proceeds via completely different mechanisms.
As is well-known, in hydrocracking, hydrocarbons are cracked on the acidic active sites of USY zeolite by carbenium ion mechanism10). Carbenium ions are easily isomerized to stable tertiary-carbenium ions to form branched hydrocarbons.
Hence, large amounts of branched C4 products can be formed in this reaction process. In thermal cracking, however, because hydrocarbons are cracked via free radical mechanism11), gaseous C1 and C2 are produced in large amounts.
It is noted that in VGO cracking by hydrothermal cracking process, gaseous C1 and C2 hydrocarbons are also the major products as shown in Table 1 is also demonstrated by the composition of gaseous products in n-dodecylbenzene cracking in the three types of processes listed in Table 2 . It shows a similar gas product distribution to that of VGO cracking for the corresponding process is listed in Table 1 . In thermal cracking and in hydrothermal cracking, C1 and C2 hydrocarbons among the gaseous products are high and C4 products are mostly normal butane, whereas in hydrocracking process, G4s are the major products in which the amount of i-butane is larger than that of n-butane. It is also worthy to note the differences in paraffin hydrocarbon products resulted from the three types of processes. As shown in Fig. 4 , when n-dodecylbenzene is cracked on NiMo/AC catalyst, the selectivity of alkane products from C8 to C12 is very high, compared to that observed on NiMo/ USY catalyst or in the case of noncatalyst. 
